Infection remains the primary cause of morbidity and mortality in neutropenic patients (6). The use of broad-spectrum antibiotics has been shown to improve significantly the prognosis of bacterial infections in these patients (30). Aminoglycosides in association with a ␤-lactam antibiotic are still commonly prescribed as the first-line combination during prolonged, febrile, severe neutropenia because of their broad-spectrum, peak-dependent bactericidal activities, their marked postantibiotic effects, and their ability to prevent the emergence of resistant mutants (20). The rationale for once-daily (o.d.) dosing of aminoglycosides is well established (10), and several recent studies have documented the clinical and microbiological efficacies of o.d. dosing of amikacin in combination with a ␤-lactamine during febrile neutropenia (9, 16). Although clinically interesting and probably cost-beneficial, these studies did not include any pharmacokinetic data apart from peak and trough concentrations, thus giving no pharmacokinetic rationale for the optimal amikacin dosage with o.d. dosing during febrile neutropenia. This lack of information is particularly important to a population in which considerable changes in pharmacokinetic parameters have been reported. These modifications concerned the aminoglycosides (11, 15, 17, 25, 40) , the glycopeptides (7, 21), and, to a lesser extent, the ␤-lactams, and mainly consist of increased volume of distribution and/or clearance leading to low concentrations of the drugs in serum. Low serum aminoglycoside concentrations are associated with a higher risk of clinical failure (27, 28) and the selection of resistant strains (10). So far, modifications of aminoglycoside kinetics in febrile neutropenic patients have been reported for conventional dosages administered twice daily (b.i.d.) or three times daily (t.i.d.) (11, 15, 17, 25, 40) . No specific study documented the pharmacokinetics of high-dose amikacin given o.d. to neutropenic patients. The use of a high dose of amikacin also raises the question of the linearity of the kinetics; i.e., do circulating amikacin concentrations remain proportional to the dose in febrile neutropenic patients? Reports on this point are in favor of proportionality in nonneutropenic patients (36, 37), although there was a tendency to a lower than expected peak in one study. The optimal peak concentration of amikacin in febrile neutropenic patients is unknown, but in nonneutropenic patients, peak concentrations in serum (measured 1 h after the start of the infusion) of Ͻ20 mg/liter in patients treated t.i.d. (28) and Ͻ40 mg/liter in intensive care unit patients treated o.d. (3) were associated with a less favorable prognosis. Hence, a less than proportional increase in the peak amikacin level could affect efficacy. Therefore, it appeared pertinent to determine potential modifications of the pharmacokinetics of amikacin administered o.d. to febrile neutropenic adults and to correlate them to the demo-* Corresponding author. Mailing address: Service de Pharmacologie-Toxicologie, Hôpital Avicenne, 125, route de Stalingrad,
Infection remains the primary cause of morbidity and mortality in neutropenic patients (6) . The use of broad-spectrum antibiotics has been shown to improve significantly the prognosis of bacterial infections in these patients (30) . Aminoglycosides in association with a ␤-lactam antibiotic are still commonly prescribed as the first-line combination during prolonged, febrile, severe neutropenia because of their broad-spectrum, peak-dependent bactericidal activities, their marked postantibiotic effects, and their ability to prevent the emergence of resistant mutants (20) . The rationale for once-daily (o.d.) dosing of aminoglycosides is well established (10) , and several recent studies have documented the clinical and microbiological efficacies of o.d. dosing of amikacin in combination with a ␤-lactamine during febrile neutropenia (9, 16) . Although clinically interesting and probably cost-beneficial, these studies did not include any pharmacokinetic data apart from peak and trough concentrations, thus giving no pharmacokinetic rationale for the optimal amikacin dosage with o.d. dosing during febrile neutropenia. This lack of information is particularly important to a population in which considerable changes in pharmacokinetic parameters have been reported. These modifications concerned the aminoglycosides (11, 15, 17, 25, 40) , the glycopeptides (7, 21) , and, to a lesser extent, the ␤-lactams, and mainly consist of increased volume of distribution and/or clearance leading to low concentrations of the drugs in serum. Low serum aminoglycoside concentrations are associated with a higher risk of clinical failure (27, 28) and the selection of resistant strains (10) . So far, modifications of aminoglycoside kinetics in febrile neutropenic patients have been reported for conventional dosages administered twice daily (b.i.d.) or three times daily (t.i.d.) (11, 15, 17, 25, 40) . No specific study documented the pharmacokinetics of high-dose amikacin given o.d. to neutropenic patients. The use of a high dose of amikacin also raises the question of the linearity of the kinetics; i.e., do circulating amikacin concentrations remain proportional to the dose in febrile neutropenic patients? Reports on this point are in favor of proportionality in nonneutropenic patients (36, 37) , although there was a tendency to a lower than expected peak in one study. The optimal peak concentration of amikacin in febrile neutropenic patients is unknown, but in nonneutropenic patients, peak concentrations in serum (measured 1 h after the start of the infusion) of Ͻ20 mg/liter in patients treated t.i.d. (28) and Ͻ40 mg/liter in intensive care unit patients treated o.d. (3) were associated with a less favorable prognosis. Hence, a less than proportional increase in the peak amikacin level could affect efficacy. Therefore, it appeared pertinent to determine potential modifications of the pharmacokinetics of amikacin administered o.d. to febrile neutropenic adults and to correlate them to the demo-graphic and biological parameters for these patients. The most useful method for such an analysis is the population approach (33), which we recently used to study the pharmacokinetics of teicoplanin in the same population (21) . Knowledge of population pharmacokinetic parameters allows individualization of the antibiotic dosage either before or after drug administration by using Bayesian methods (19) .
The aims of our study were to determine for a population of febrile, severely neutropenic adults with hematological malignancies the pharmacokinetic parameters of amikacin administered o.d. or b.i.d. and the demographic and biological parameters that influence the variability of these pharmacokinetic parameters in this population and to propose adapted regimens that can be used to obtain the desired peak and trough levels in the serum of most patients as a function of creatinine clearance (CL CR ).
MATERIALS AND METHODS
Patients and treatments. Febrile neutropenic patients of both sexes (ages Ͼ18 years) with an expected duration of neutropenia of Ͼ7 days and hospitalized in single rooms of the Hematology Unit of Avicenne Hospital to receive treatment for a primary hematological disorder were included in this prospective trial. Two distinct periods were defined in the study: from January 1993 to December 1994, the patients received amikacin at 7.5 mg/kg of body weight b.i.d. combined with piperacillin (4 g t.i.d.); from January 1995 to December 1995, the patients received amikacin at 20 mg/kg (a dose which had been used in two recent large clinical studies [9, 16] ) in combination with piperacillin (4 g)-tazobactam (0.5 g) t.i.d. Amikacin was administered through a short catheter by gravity flow. All of the patients had a central venous catheter, and all gave their informed consent to participate in the study. Pregnant women and human immunodeficiency virusinfected patients were not included.
Neutropenia was defined as a neutrophil count of Ͻ500/mm 3 , and fever was defined as a body temperature of Ͼ38.0°C measured twice within 3 h or by an episode of body temperature of Ͼ38.5°C. On the first day of neutropenia, all of these patients received partial digestive decontamination consisting of nifuroxazide (400 mg t.i.d.) and amphotericin B (500 mg t.i.d.). Systematic microbiological investigations consisted of at least three cultures of peripheral blood, a culture of blood drawn from the catheter, and urinalysis; a chest X ray was also taken. On the first day that a neutropenic patient became febrile, amikacin was injected into a peripheral vein over 30 min while the ␤-lactamine was given in another peripheral vein. In patients whose CL CR (estimated by the method of Cockcroft and Gault [8] ) was Ͻ20 ml/min, the ␤-lactamine was administered at the same dose but b.i.d. The amikacin dosage was adjusted to obtain 1-h peak and 24-h trough serum amikacin levels of Ͼ40 and Ͻ5 mg/liter, respectively. These thresholds were set on the basis of the results of two studies on the efficacy of o.d. dosing of amikacin in intensive care unit patients (3, 26) and one study on the efficacy and tolerance of netilmicin with o.d. dosing (34) . During the neutropenic phase a physical examination was performed at least daily for all of these patients. Teicoplanin (6 mg/kg given at 0, 12, and 24 h and then o.d.) was administered at 48 h when fever persisted or initially when infection with a gram-positive organism was suspected or documented. Patients who did not respond to this combination were given amphotericin B (1 mg/kg/day) intravenously over 6 h or any other antibiotic regimen as a function of bacteriological test results.
Measurements. Blood samples (6 ml) were collected by a research nurse from the central venous catheter at 1 h (time of the peak concentration; measured 0.5 h after the end of the infusion), 12 h, or 24 h (time of the trough concentration) after the beginning of the first infusion and then every 3 days during the neutropenic episode for peak and trough amikacin concentration determinations. Additional samples, normally taken for the determination of biological or hematological parameters, were also obtained from most patients at 2 and 8 h during the first dosing interval and were stored for subsequent determination of serum amikacin levels. Dosing and sampling times were recorded by a research nurse. The accuracies of the records were further assessed by a pharmacist participating in the study. All the serum samples were stored and kept frozen (Ϫ20°C) until analysis. Amikacin levels were measured by the enzyme-multiplied immunoassay (Cobas, Roche, France). The limit of quantification of the assay was 2.5 mg/liter, and the precision was better than 6% over the entire calibration range (2.5 to 50 mg/liter). When concentrations were found to be greater than 50 mg/liter, the samples were diluted in order to be in the calibration range. Concentrations below the quantification limit were recorded as measured; i.e., they were neither recorded as zero nor dropped from the analysis. The following variables were recorded to evaluate their respective influences on amikacin pharmacokinetics: weight, age, sex, serum creatinine and albumin levels, and hematological parameters (in particular, leukocyte and neutrophil counts).
Pharmacokinetic modeling. Since the sparse sampling schedule did not enable individual pharmacokinetic parameters to be estimated by usual methods for most patients, a population pharmacokinetic method based on a nonlinear mixed-effect modeling approach was used (33) . Basically, an open two-compartment pharmacokinetic model with zero-order input was fitted to concentrationversus-time data for amikacin in serum. The four parameters were the elimination clearance (CL), the volume of distribution in the central compartment V 1 , the distribution clearance describing amikacin exchange between the central and the peripheral compartments (CL D ), and the volume of the peripheral compartment (V t ). The model enabled the computation of the amikacin concentration at any time for any given dosing regimen (38) .
Two levels of variability were considered. Interindividual variability was taken into account by assuming that individual pharmacokinetic parameters arise from a log-normal distribution. The value of a given parameter in subject j, P j , represents the typical value of that parameter in the population, P , by P j ϭ P exp ( j ), where j is a random effect normally distributed with a mean of zero and variance to be estimated in the analysis.
The second level of random variability implemented in the model was residual variability. This variability is a normally distributed random effect (ε) with a mean of zero and variance to be estimated. ε accounts for the deviation of the observed amikacin concentration (C ij ) from the predicted concentration at time
where Ĉ ij is calculated given P j . The exponent b of the power variance model is also to be estimated.
Model building. Assumptions about the population model (e.g., one-versus two-compartment model) were evaluated according to the likelihood ratio test (39) , which was the main criterion of selection. Other criteria were the Akaike criterion (38) , the aspect of the residual plots, and the values of the randomeffects variance. Possible correlations between the demographic and biological indices and the parameters of the model (CL, V 1 , CL D , V t ) were explored by the approach proposed recently (22, 24) . First, the structural model (without any covariates) was fitted to the data to obtain the population parameters (the mean and variance of each parameter). Individual pharmacokinetic parameters were obtained by using a Bayesian maximum a posteriori estimator. Second, individual parameters were regressed on the potential covariates by using a multivariate linear model after visual examination of the parameter-versus-covariate plots. Third, the relationships found in the second step were incorporated into the structural model, with the initial values of the parameters of the covariate model being set at the values found in step 2. Population and individual parameters were then reestimated as in step 1. Covariates were finally retained when the correlations were significant at the 0.05 level according to the likelihood ratio test (39) .
Assessment of goodness of fit. The population model was validated according to several criteria (1): (i) visual examination of the goodness of fit of each individual concentration-versus-time curve compared to the experimental data; (ii) visual comparison of the distribution of the standardized residuals to that of the normal distribution (N); (iii) visual examination of the scatter plot of observed versus predicted amikacin concentrations; and (iv) visual comparison of the distribution of the a posteriori estimates of the pharmacokinetic parameters with the log-normal distribution (LN).
Simulations. The population model of amikacin in neutropenic patients was used to generate simulations of the mean Ϯ standard deviation (SD) concentrations for 1,000 individuals by randomly choosing values of the random effects ('s) only according to their covariance matrix. Amikacin (20 mg/kg given o.d.) was assumed to be administered intravenously over 0.5 h for 8 days. The concentrations at 1 and 23.9 h after the start of each infusion were calculated. Relevant statistics were then based on the distribution of the concentrations at each "sampling" time.
Also, in order to derive all the pharmacokinetic parameters of interest, the distribution of CL, the elimination half-life (t 1/2␤ ), and the volume of distribution at steady-state (V SS ) were obtained by simulation. The values of the relevant covariates and V 1 , CL D , and V t were randomly chosen for 1,000 individuals, and the corresponding values of t 1/2␤ and V SS were calculated for each individual by using the relationships existing between these parameters (38) . Finally, in order to derive dosing recommendations, the expected distributions of the 1-h peak (after the first administration) and predose levels at steady-state amikacin concentrations were calculated by simulation for a population of 500 fictitious individuals. Body weight (required for dose simulation) was assumed to be normally distributed with mean Ϯ SD of 67 Ϯ 13 kg, and CL CR was assumed to be uniformly distributed within different bounds.
Programs. Fitting of the population model and individual Bayesian estimations were made by using the NONMEM IV software (2). The first-order conditional estimation (FOCE) method was used (keyword, METHOD ϭ COND). With the final model, the -ε interaction was taken into account (keyword, INTERACTION). Simulations were performed with our POPSIM software, which has been described elsewhere (appendix of reference 35). Analysis of covariate models, statistical tests, and relevant graphs were computed by using SPSS for Windows (release 6.1; SPSS France, Boulogne, France).
RESULTS

Patients.
A total of 57 patients were enrolled in the study: 29 in the b.i.d. group and 28 in the o.d. group. Hematological disorders were similar in both groups and consisted of acute myeloblastic leukemia (n ϭ 18), acute lymphoblastic leukemia (n ϭ 8), non-Hodgkin's lymphoma (n ϭ 21), Hodgkin's lymphoma (n ϭ 1), myeloma (n ϭ 7), agranulocytosis (n ϭ 1), and aplastic anemia (n ϭ 1). As indicated in Table 1 , both groups were similar with respect to age and weight. The mean estimated CL CR value in the b.i.d. group was 12.5% lower than that in the o.d. group, but the difference was not statistically significant (the difference in the median values was only 6%).
Amikacin levels. A total of 278 samples, including 93 samples containing peak concentrations, 117 samples containing trough concentrations, and 68 samples containing intermediate concentrations, were analyzed. The patients received 1 to 47 amikacin administrations, and the median number of samples per patient was 4 (range, 1 to 14). Table 2 presents the experimental concentrations of amikacin measured in both groups of patients. The interindividual variability was very broad, with the ratios between the extreme concentrations within each group being ca. 6 and 20 for peaks and trough levels, respectively. The mean peak values (normalized to the dose) reached in the o.d. and b.i.d. groups differed significantly (P Ͻ 0.0001).
Model building.
The main models and hypotheses tested are described in Table 3 . The likelihood ratio test and the Akaike criterion showed that a two-compartment model was more adequate than a one-compartment model. Figure 1 shows the plots of predicted concentrations for a typical subject obtained with the one-and two-compartment models, corresponding to step 1 and step 2 in Table 3 , respectively. The one-compartment model was unable to fit adequately peaks and 12-or 24-h trough concentrations. In the earlier steps of model building, the only significant covariate was CL CR , which explained in part the interindividual variability in amikacin clearance. The other demographic and biological indices (in particular, leukocyte and neutrophil counts) did not correlate significantly with the variations in the amikacin pharmacokinetic parameters. Therefore, the final model was first written as CL j ϭ CL exp( CL j ), CL ϭ a CL CR ϩ b(a ϭ 0.367, b ϭ 1.40, and CL CR is in liters per hour), V 1j ϭ V 1 exp( V 1j ) (where V 1 is the typical value of V 1 ), CL Dj ϭ CL D exp( CL Dj ) (where CL D is the typical value of CL D ), and V tj ϭ V t exp( V tj ) (where V t is the typical value of V t ).
However, a significant reduction in the objective function a P, one-hour peak levels (i.e., 0.5 h after the end of the infusion); T (24), 24-h trough levels; T (12), 12-h trough levels. 
with i equal to 1 for men and 2 for women and the rest of the model remaining unchanged. is the population parameter to be estimated. Although the difference between 1 and 2 is small, removal of the covariate sex in the model presented above resulted in a significantly poorer fit. Allowing for covariance between 's did not improve the fit. The influence of the length of therapy on parameter values was first assessed by visual examination of the plots of the parameter values versus time of the last sample. Although no particular trend emerged, the influence of time was formally assessed by testing a hyperbolic relationship between V 1 or V t and time. The rationale for this relationship is that accumulation of amikacin in the deep compartment is expected to increase the apparent volume of distribution from an initial value ( 7 in step 18) to a final higher value ( 8 in step 18), with the rate of increase being controlled by 9 , the time at which half of the maximal increase is reached. However, none of the decision criteria supported this model, and the parameter values do not change during treatment.
Inclusion in the population model of a categorical covariate describing the mode of administration (o.d. or b.i.d.) in order to assess a hypothetical difference in the values of the pharmacokinetic parameters for amikacin between the two patient groups (steps 7 to 14 in Table 3 ) did not result in an improved fit according to the likelihood ratio test. Therefore, the values of the pharmacokinetic parameters for amikacin do not change, regardless of whether the dose is 7.5 or 20 mg/kg, i.e., amikacin pharmacokinetics are linear with respect to dose in the range of 7.5 to 20 mg/kg. The values of the parameters of the final model, based on the data for 57 patients, are summarized in Table 4 .
The graph of the predicted concentrations (more precisely, the individual predictions based on the population estimates of the values of the pharmacokinetic parameters for amikacin according to the covariates of each individual) versus observed concentrations is presented in Fig. 2 . In this plot, the residuals (i.e., the difference between the observed and the predicted concentrations) are randomly distributed around the identity line, possibly with the exception of observed concentrations of Ͼ150 mg/liter, but there were only three of these. The plot of weighted residuals (i.e., the residuals divided by their SDs) versus time (Fig. 3) does not show any systematic deviation from the reference line. With this model, the population parameters have been obtained with reasonable precision, as shown by the standard errors of the estimates (Table 4) .
The correlation between amikacin clearance (a posteriori estimates) and estimated CL CR (calculated by the formula of Cockcroft and Gault [8] ) is illustrated in Fig. 4 . The variability in CL CR can explain 57% of the variability in amikacin clearance, and the residual interindividual variability of amikacin clearance is 21% once CL CR has been taken into account. In order to allow comparison of the amikacin kinetics reported in other publications, the characteristics of the distribution of CL, t 1/2␤ , and V SS were derived by simulation and are summarized in Table 5 . The simulation was based on data for 1,000 fictitious individuals with covariate distributions similar to those of FIG. 1. Simulation of amikacin kinetics for a typical patient (CL CR ϭ 100 ml/min) using a one-or two-compartment model. our patients: age and body weight were assumed to be normally distributed with means Ϯ SD of 51 Ϯ 16 years and 67 Ϯ 13 kg, respectively, while the serum creatinine level was assumed to be log-normally distributed, with a mean Ϯ SD of 85 Ϯ 37 mol. The simulation was done separately for men and women, with the values of the population parameters for amikacin given in Table 4 . The difference between men and women with respect to amikacin CL and t 1/2␤ were small (ca. 10%). The mean predicted curve with the 95% confidence interval for male and female patients after the administration of a 20-mg/kg dose is presented in Fig. 5 .
DISCUSSION
In the studies performed earlier with neutropenic patients to determine the values of the pharmacokinetic parameters for amikacin, the drug was given at 7.5 mg/kg b.i.d. and its pharmacokinetics were determined after the administration of the first dose or at steady state. By contrast, in our study amikacin was given o.d. or b.i.d. at doses of 20 or 7.5 mg/kg to two groups of patients with severe and prolonged neutropenia. The patients also required prolonged antibiotic treatment. Amikacin concentrations were measured at several points during treatment and were analyzed by a population approach. These particular conditions gave us the opportunity to study the influences of dose, length of therapy, and demographic and biological indices on the pharmacokinetics of amikacin. Among the earlier studies, those with sufficient details about the patients, the methods, and the results are presented in Table 6 . The values of the parameters have been expressed in a homogeneous system of units to allow comparison. Compared to these results, we found amikacin clearance to be lower than those in the earlier studies by about half and to have a volume of distribution similar to those in the earlier studies, which resulted in an almost doubled half-life. One possible explanation would be that NONMEM provided biased parameter estimates. However, bias in parameter estimates with NON-MEM has been demonstrated only in the case of estimation by the so-called first-order method. It was shown recently that the more sophisticated FOCE method is much more accurate and yields negligible bias, at least in the examples studied (4). In our study, we used the FOCE method taking into account the -ε interaction, which is a priori even more accurate than the simple FOCE method. Therefore, a large bias in our parameter estimates is unlikely. Part of the discrepancy with other studies of the pharmacokinetics of amikacin can be explained by differences in the methods applied. Indeed, the terminal half-life might have been underestimated in most studies because they were based on a two-sample (a peak and a trough) design, with the values of the pharmacokinetic parameters for amikacin being estimated by the method of Sawchuk and Zaske (31), i.e., with the implicit assumption of a one-compartment model. The study by Hary et al. (14) was based on a two-compartment model, but the samples were only taken during the 8 h following the administration of the first dose, so that it is difficult to estimate a half-life longer than 3 or 4 h. Blaser et al. (5) , in a study of netilmicin administered t.i.d. or o.d. to patients with serious infections, found that the half-life estimates determined between 8 and 24 h were much longer (mean, 5 to 7 h) than those calculated between 1 and 8 h (mean, 3 h). In contrast, in our study samples were obtained at different dosing intervals and also included nonpeak and non- trough values. Thus, the discrepancies between our results and those of previous investigators in terms of amikacin clearance might be explained in part by methodological considerations. Table 6 also presents the results of two studies of amikacin kinetics in healthy volunteers in which a two-compartment model was fitted to the data. Compared to healthy subjects, our patients had lower CL and a higher or equal volume of distribution of amikacin which resulted in a longer t 1/2␤ .
A high proportion (40%) of amikacin clearance was not associated with CL CR in our study, which is surprising owing to the almost complete elimination of aminoglycosides by the renal route. However, similar findings were made in other population studies involving aminoglycosides (1, 26, 35) . In those studies, CL CR was estimated from the serum creatinine level, usually by the formula of Cockcroft and Gault (8) . Although this estimation method is one of the most precise, about one-third of the patients are not well evaluated (29) , which will confound the relationship between amikacin clearance and CL CR . Other possible explanations are the tubular secretion of creatinine, which results in overestimation of the glomerular filtration rate in patients with severe renal impairment, and the possible fluctuation of CL CR over the dosing interval, which was not accounted for (only one measurement of the serum creatinine level was obtained each day).
One major goal of our study was to assess the linearity of amikacin kinetics with respect to the dose, because some reports on aminoglycoside kinetics have suggested that nonlinearity may exist. With regard to amikacin, the peak concentrations were proportional to the dose in the range of 7.5 to 15 mg/kg in one study (36) , but they were less than proportional in another one (37) . In the latter study, although the difference was not significant, the peaks at the higher dose were 21% lower than expected compared to the concentrations measured after administration of the lower dose. Owing to the high amikacin dose used to treat neutropenic patients (20 mg/kg), the consequences of nonlinear kinetics could have been more No difference in the values of the pharmacokinetic parameters estimated from the data of each arm was found. Therefore, our results regarding the linearity of amikacin kinetics are in agreement with those data, although we assessed a larger dose range (7.5 to 20 mg/kg). It appears that critically ill patients have lower peak concentrations than other populations, including neutropenic patients.
When the study was designed, clinical experience with amikacin given o.d. to neutropenic patients was limited, and no recommendation was available for the peak and trough serum amikacin levels. We chose to adjust the amikacin dosing to obtain 1-h peak and 24-h trough serum amikacin levels of Ͼ40 and Ͻ5 mg/liter, respectively. These breakpoints were based on (i) the study of Beaucaire et al. (3) , who observed a higher mortality rate in intensive care unit patients when the first peak patients who underwent audiometric testing, but neither the peak nor the trough serum amikacin concentrations were higher in patients with ototoxicity than in those without it. In the second study (9) , nephrotoxicity developed in 5 of 854 episodes (0.6%). However, in those studies, almost all patients had a trough level of Ͻ5 mg/liter. Therefore, at least when the treatment duration does not exceed 10 days, the maximal 24-h trough level of 5 mg/liter is supported by clinical data. With regard to the peak value, it is known that a peak concentration/MIC ratio of Ͼ6 is required to obtain the highest probability of a favorable outcome in immunocompetent patients (27) . Although we did not assess the relationship between peak amikacin concentration and short-term outcome, it has been reported that neutropenic patients with gram-negative bacterial infections require higher peak bactericidal concentrations than nonneutropenic patients to improve the outcome (32) . Moreover, the postantibiotic effect of aminoglycosides is dependent on the peak concentration and time of exposure, but it is markedly reduced in neutropenic animals (10, 12) . Finally, adaptive resistance to aminoglycosides (i.e., the increase in the MIC after the first exposure to the antibiotic) is decreased by a factor of 2 to 3 when the peak concentration/MIC ratio increases from 8 to 24 (18) . Therefore, the value of 40 mg/liter that holds for intensive care unit patients might be too low for neutropenic patients. Since the MICs at which 90% of strains susceptible to amikacin are inhibited are Ͻ8 mg/liter, a peak amikacin level of Ͼ60 mg/ liter seems to be a reasonable goal for avoiding inefficacy in severely neutropenic patients.
It has been shown that the peak serum amikacin level obtained after the administration of the first dose is the most important factor for a favorable outcome (3, 28) . Therefore, the population model was used to propose dosing recommendations for amikacin in febrile neutropenic patients, individualized on the basis of their biological and demographic characteristics. For the sake of simplicity, the population model involving only the estimated CL CR was used. The goal was to adjust the dose and its administration interval so that 90% of the patients would have a peak serum amikacin level of Ͼ60 mg/liter (1 h after the start of the first administration) and 95% of the patients would have a trough serum amikacin level of Ͻ5 mg/liter (predose level at steady state). Our proposals for obtaining these objectives are summarized in Table 7 . These proposals should now be prospectively correlated with clinical and microbiological outcomes to determine their relevance.
With regard to the consequences for therapeutic drug monitoring in clinical practice, two samples (one with a peak concentration and one with a trough concentration) should be obtained at 1 and 12 h (regardless of the dosing interval) after administration of the first dose. Sampling at 12 h ensures that the amikacin concentration will be measurable. If necessary, the dosing schedule should be individualized by using the Bayesian method based on the population model described in this study. Serum amikacin levels (1-h peak and predose trough levels) should be controlled after the third dose has been given and should be further monitored if the patient's renal function is unstable. 
